The high performance porous silicon-alumium (Si-Al) composite films were fabricated by magnetron sputtering (co-sputtering) using two different copper substrates (i.e. rough copper foil and porous copper) as current collectors, respectively. The morphology, compositions, structure, and crystallinity of the porous Si-Al composite films were examined by using scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDX), transmission electron microscopy (TEM), X-ray diffraction (XRD) and Raman spectroscopy. The XRD, Raman and TEM analysis reveal that the Si-Al composite films are amorphous. The electrochemical performances of the Si-Al composite films were investigated by the charge/discharge measurement, cyclic voltammetry (CV) and electrochemical impedance spectra (EIS). The Si-Al composite film deposited on porous copper shows a high first extraction capacity of 2634 mAh g -1 and initial coulombic efficiency of 95.5%, the reversible capacities retain 94.8% of the first extraction capacity after 50 cycles at 0.1C rate (i.e. reversible capacity around of 2497 mAh g -1 ). Compared with the electrochemical performances of porous Si-Al composite films deposited on two different copper substrates，the film deposited on porous copper shows higher insertion/extraction capacity, capacity retention, longer cycle life, and rate performance, which can be attributed to its more amorphous composition and porous structure.
Introduction
In the energy storage, the rechargeable Li-ion batteries (LIBs) are considered the most potential energy storage system. Nowdays, the rechargeable LIBs are widely used in portable electronics, electric vehicles, as well as stationary energy storage systems, while the high performance LIBs are urgently needed with the development of technology and the improvement of people demand. However, there are still many challenges for further development of LIBs with high energy density, long cycling life, excellent rate capability, low cost, and so on. 1 Generally, the high-energy LIBs intimately depend on the high capacity of electrode materials. 2 For anode material, graphitized carbon has been commonly used as the anode electrode material for commercial LIBs. However, the graphitized carbon cannot meet the capacity requirement due to its restricted theoretical capacity (LiC 6 , 372 mAh/g), 3 and the capacity of commercial graphite electrode was improved to the level approaching its theoretical capacity. So, new high capacity of alternative materials have got more and more research, such as Si-based materials (4200 mAh g −1 ), 4−5 Sn-based materials (990 mAh g −1 ), 6 Sb (660 mAh g −1 ), 7 Al (2235 mAh g −1 ), 8 Co 3 O 4 (890 mAh g −1 ), 9 and Fe 3 O 4 (928 mAh g −1 ) 10 have been studied extensively.
Among them, Si-based material is most attracted much attention because it has the highest specific capacity for any anodes studied to date. However, Si and Si-based undergo a huger volume change than any other materials of Li + insertion/extraction in the process of charge and discharge (volume expansion about 300%), which will cause pulverization problems of the electrode active materials, further cause losses of electrical contact between active material and current collector, 11 in addition, itself poor conductivity and initial charge-discharge efficiency. Thus, its capacity is remarkably rapid fade during the cycling process. Many researchers have done a lot of trying to improve the problem of the electrochemical performance and volume effect of the Si-based electrode materials. 12−24 Try ways as follows: reducing the particle size of the electrode active materials, 12−13 using multi-phase materials, 16−17 fabricating film or amorphous Si, [18] [19] [20] 25 and designing electrode structure. 21−24 Although the method has got a certain achievement, the performance of reversible capacity and cyclability are still not very well. Recently, some teams have achieved satisfactory performance of reversible capacity and cycles, 18, 26−28 when the films are enough thin (at the nanometer-scale). However, the thicker films show dissatisfied reversible capacity and cycle performance, which is attributed to the bigger internal stress and volume change. How to solve the problem is still in the exploration. The major advantages of porous structure have been proved: 29 (i) the large open pores allow easily transport of liquid electrolyte; (ii) provide fast lithium ions transferring due to short Li + diffusion lengths or path; (iii) the high specific surface area ensures a large number of active sites for charge-transfer reactions and the active materials are not easy to fall off, thus improves electrical conductivity; (iv) provide sufficient space to alleviate the volume change of active materials during lithiation/delithiation, relax the stress/strain, improve the mechanical stability of the electrode structure, and consequently improve cycle life and coulombic efficiency of the electrode. We will integrate the advantages of early research results, make maximize of the advantages, and design porous structure for film. So the rough copper foil (RCF) with a two-dimensional (2D) micro-nano porous structure and the porous copper (PC) with a three-dimensional (3D) interconnected macroporous network structure are selected as the substrates (i.e., current collectors) Aluminum exhibits high electrical conductivity and can enhance electronic transport. Al is active to Li and the theoretic capacity of Al is 2234 mAh g −1 for Al 4 Li 9 . 30−31 Moreover, the two active components (Si and Al) can realize the high capacity feature of electrode and can make the volume change of electrode take place in a stepwise manner due to their different lithiation potentials, leading to a stable cycling performance.
32−33
The addition of Al in silicon and silicon-based anode materials could improve the charge transfer kinetics (i.e., improves the electrical conductivity) and decrease the volume effect of the electrodes. [2, 34 In this work, high performance porous Si-Al composite films are fabricated by magnetron sputtering (co-sputtering) on two different substrates. The structure and electrochemical performances of the Si-Al composite films deposited on two different substrates are investigated and compared. It is found that the porous Si-Al composite film deposited on PC has higher insertion/extraction capacity, capacity retention, longer cycle life, and rate performance in comparison to the Si-Al composite films deposited on RCF. The porous Si-Al composite film deposited on PC has potential as the anode material of high performance LIBs. pre-sputtered for 15 min to remove any oxides or contaminants from the surfaces. After pre-sputtering the targets, the shutter was rotated out of the way to allow deposition on the substrates. Then, the Si-Al films were obtained by co-sputtering for 1.5 h, respectively. The weights of Si-Al composite films deposited on different substrates were given by the weight difference of the sample before and after sputtering, then surface density of active materials were obtained through the calculation.
Experimental

Electrode fabrication
Characterization
The structure and morphologies of substrates and Si-Al composite films were observed by scanning electron microscopy (SEM, FEI Quanta 200, USA). The chemical compositions of Si-Al composite films were examined using SEM-equipped energy dispersive X-ray analysis (EDX, AMETEK Apollo XP, USA). The phase structures of Si-Al composite films were analyzed by X-ray diffraction (XRD, Bruker D8 Advance, Germany) with Cu Kα radiation and a 20°-80° scanning range. The cross-section morphologies, crystal structure and thickness of the Si-Al films were characterized by transmission electron microscopy (TEM, FEI TECNAI G 2 F20 S-TWIN, USA). The crystallinity of the Si-Al composite films was characterized by Raman spectroscopy (Jobin-Yvon LabRam-1B, France). The Raman spectra were excited by semiconductor laser lines at 532 nm, and the laser power was kept at about 50 mW on the sample. Scanning time was 30 s. In order to visually observe the change of the morphology of the Si-Al composite films electrodes after 50 cycles, the electrodes were dismantled and washed by anhydrous dimethyl carbonate (DMC) in glove box to remove the residual electrolyte and salts. And then SEM was used to characterize the morphology of electrodes. 
Results and discussion
The morphologies and structures of the two different substrates (i.e. current collector) are shown in Figure 1 . It is quite clear that the RCF surface is a 2D micro-nano porous structure (i.e. closed pores) with uniformly distributed irregular furrows, while the PC is a 3D interconnected macroporous network structure with rough surface. The rough surface can enlarge adhesion between the sputtered materials and current collector. Figure 2 shows the surface SEM morphologies of as-deposited Si-Al composite films on two different substrates (a and b on RCF, c and d on PC). These Si-Al composite films show different rough surfaces because of the surface profiles of substrates. The active materials are observed to have some voids or gaps, and cover on the two kinds of substrates without any cracks. The Si-Al composite film deposited on RCF is near-spherical with diameter in a range of about 1-2 μm and relatively loose, while the Si-Al composite film deposited on PC is island-like and relatively close. Thus it can be seen the surface morphology of substrate have great influence on the combination state of film during the process of magnetron sputtering. The combination state of Si-Al composite film deposited on RFC exhibits the point contact form, thus causing the conductivity of film to decrease and influencing the full play of active material. Contrastively, the combination state of Si-Al composite film deposited on PC exhibits the surface contact form, thus increasing adhesion force between the film and substrate. The Si-Al film is deposited on RCF as a two-dimensional (2D) structure, but the Si-Al can be deposited into the inner pores of the 3D structure of PC. Therefore, the huge volume expansion can be well accommodated by the macroporous structure in PC during charging and discharging progress. Their compositions are approximately equal, namely, the composition ratio of Si and Al is about 8:1. Figure 3a shows the typical XRD patterns of Si-Al composite films deposited on two different substrates. It can be seen that all of the diffraction peaks are attributed to the copper substrates. The peak centered at 2θ degree of 28° which characterizes the typical peak of crystalline Si (111) is not identified, 36 and no peak is observed in relation with Al or Si-Al alloy phase. Furthermore, no characteristic peaks of impurities can be detected. It seems that these films are nearly amorphous in structure. However, the films can not be determined whether contain other crystalline structure only from the XRD patterns.
To examine in more details whether the Si-Al composite films are really amorphous or not, Raman and TEM are used to detect crystallinity and microstructure of the Si-Al composite films, respectively. The Raman spectrum of Si-Al composite films deposited on two different substrates are shown in Figure 3b . It is reported that the peak is attributed to the amorphous portion of the film at near 480 cm −1 , and the peak is the crystalline composition of the film at near 520 cm −1 . 26, 37−38 And it is also
reported that the Raman spectra shows four broad spectra corresponding to four phonon bands: a broad transverse optical mode peak (~480 cm −1 ), the longitudinal optical mode peak (~400 cm −1 ), the longitudinal acoustic mode peak (~300 cm −1 ) and transverse acoustic with a peak at 150 cm −1 , which are typical features of amorphous silicon vibration modes. 11, 26 However, Figure 3b shows the Raman spectral peak between 480 and 520 cm −1 , so we can infer that the Si-Al composite films deposited on two kinds of substrates are a typical mixed-phase of amorphous and microcrystalline. Because the peak is closer to 480 cm −1 , the as-deposited Si-Al composite films are identified as main amorphous structure, and it is observed that Si-Al composite film deposited on PC have more amorphous fraction, compared with Si-Al composite films deposited on RCF. Figure 4 shows cross-sectional TEM images of the Si-Al composite films deposited on two different substrates (a and b on RCF, c and d on PC). The thickness of Si-Al composite films deposited on two kinds of substrate are approximately equal (on RCF: about 2.33 μm (Figure 4a) , and on PC: about 2.26 μm (Figure 4c ). It has been reported that Si films prepared by different methods are too thin to commercially use, and a sandwich-type Si/Mg/Si film is prepared with the thickness of more than 1μm for practical application. 39 It is observed that two cross-sections are quite different, and the film morphologies are associated with the surface profiles of the substrates. Namely, the Si-Al composite film deposited on RCF exists some gaps among particles (like dentoid structure, Figure 4a ) and the interface between the film and RCF is looser, while the interface between the film and PC combines very well (Figure 4c ). It can be seen that no parallel lattice fringes (or lines) with different orientation appear in the surface, and the selected area electron diffraction (SAED) patterns are dispersed and very ambiguous (the insets of Figure 4b and d). This also proves that the as-deposited Si-Al composite films are mainly amorphous structure. The amorphous structure of the electrode is usually more open than a well-crystallized one, which would adequately prevent the lattice expansion. Lee et al reported that the amorphous structure is beneficial to the electrochemical performance of film anode (e. g., enhanced cyclability), because amorphous material exhibited homogeneous volume expansion/contraction by eliminating the existence of any two phase regions during charge/discharge, and a relatively open structure would adequately prevent the lattice from expanding and provide more diffusion paths for Li-ions.
2, 11
The surface densities of the active materials (Si-Al composite) deposited on RCF and PC are 0.552 mg/cm −2 and 0.427 mg/cm −2 , respectively. Namely, the amount of the active materials (Si-Al composite) deposited on RCF and PC is 1.104 mg and 0.854 mg, respectively.
The cycle performance of the Si-Al composite films deposited on two different substrates at 0.1C rate are shown in Figure 5a and b. For the Si-Al composite film deposited on PC, the first extraction capacity and initial coulombic efficiency are 2634 mAh g −1 and 95.5%, respectively. For the Si-Al composite film deposited on RCF, the first extraction capacity and initial coulombic efficiency are 2379 mAh g −1 and 92.4%, respectively.
However, as reported in the early stage, 3, 11, 15 the initial coulombic efficiency of the Si-based materials are almost not more than 90%. The irreversible capacity is mainly attributed to the formation of a solid electrolyte interphase (SEI) layer on the surface of film electrode in the first cycle. Because the formation of SEI layer on the surface of film electrode in the first charge/discharge cycle, the first discharging capacity and coulomb efficiency are influenced to some extent. It shows that the capacity of Si-Al composite films deposited on PC slightly increases in first several cycles, then gradually declines in the following several cycles, but soon approximately trends to be stable (Figure 5a ). The reason may be due to the improved Li-ion diffusion kinetics by the activation and stabilization process during the cycling. It exhibits superior cycle performance and the reversible capacities retain 94.8% of the first extraction capacity after 50 cycles (i.e. reversible capacity around of 2497 mAh g −1 ), while Si-Al composite films deposited on RCF substrate shows a fast capacity fade, a short cycle life and the reversible capacities retain 46.9% of the first extraction capacity after 50 cycles (i.e. reversible capacity around of 1117 mAh g −1 ) (Figure 5a ).
Obviously, the two kinds of films deliver different specific capacities. This is possibly due to the dissimilar adhesion between the films and the substrates, which results in different utilization efficiencies of the active materials. In the case, the capacity of Si-Al composite films on PC is very impressive, suggesting the potential viability of the film as future anode material. Contrastively, the coulomb efficiency of Si-Al composite film deposited on RCF maintains a stable value just before 20 cycles, and declines during the subsequent cycles, while the coulomb efficiency of Si-Al composite film deposited on PC increases to more than 99% at second cycle and maintains a stable value in the subsequent cycles (Figure 5b ), indicating a higher charge and discharge efficiency during the cycle progress. Namely, the porous Si-Al composite film deposited on PC has a higher Li + insertion/extraction efficiency. The reason is that the Si-Al composite films deposited on RCF is a 2D structure, and the combination of interface between the film and RCF substrate is poorer. However, the Si-Al composite can be deposited into the inner pores of the 3D structure of the PC, and the combination of the film and PC substrate is very well. These results imply that adhesion is improved by increased contact area between Si film and the current collector. The porous structure of PC ensures a good adhesion force between the Si-Al composite film and PC current collector, and alleviates the volume change during cycling. As a result, these will affect conductivity of the film and Li-ion diffusion efficiency, and will further affect capacity retention and cycle life. Figure 5c and d show the charge-discharge curves of the Si-Al composite films deposited on two different substrates between 0.05 V and 2 V at a constant current of 0.1 C. We can see that the voltage plateau range of the Si-Al composite films deposited on two different substrates both are 0.2-0.6 V during charging and 0.4-0.05 V during discharging, respectively. Moreover, the Si-Al composite films show smooth and sloping discharge/charge curves, it can be explained by lithiation/delithiation in amorphous structure material without any phase transformations. 26, 40 However, with the progressive cycle number, the voltage polarization of Si-Al composite film deposited on RCF is rapidly enhanced, and the extraction and insertion capacity are rapidly reduced (Figure 5c ), while the voltage plateau ranges in the charge and discharge curves of the Si-Al composite film deposited on PC are almost overlap, and has a high capacity retention (Figure 5d ). The results indicated that the difference on morphology of current collector considerably affects the charge/discharge behavior, and the Si-Al composite film deposited on PC exhibits a superior cycle performance. This is because that 3D porous structure can enlarge the contact area between the active material and current collector, which makes the amorphous active material not easy to fall off. Moreover, another reason may be speculated that the Si-Al composite film deposited on PC shows more amorphous structure from the Raman spectroscopy (Figure 3b ), compared with the films deposited on two different substrates. It has been proved that amorphous Si-based film shows a high capacity and rate rechargeable performance as electrode material of lithium ion battery. 18, 26 Therefore, the Si-Al composite film deposited on PC has a better electrochemical performance than the Si-Al composite deposited on RCF. Figure 6 shows the rate capability of the Si-Al composite films deposited on two kinds of substrates. It is revealed that the cells are charged at constant C/10 rate and then discharged at various rates. It is quite clear that the discharge capacity of Si-Al composite film deposited on RCF is lower than that of Si-Al composite film deposited on PC at each rate. With the enhanced of constant current, the discharge capacities drop down for both film, and the discharge capacity difference between Si-Al composite films deposited on two kinds of substrates increases. Obviously, the maximum differences (about 1000mAh g −1 ) are reached at 1C and 2C, respectively. After charge and discharge at 5C high-rate, the charge and discharge of Si-Al composite film deposited on PC return to 0.1C, the discharge capacity can be recovered to 2650 mAh g −1 and the capacity retention can be better remained. However, the discharge capacity of the Si-Al composite film deposited on RCF obviously falls off when the current density returns to 0.1C. It is indicated that the 3D porous Si-Al composite film deposited on PC has the superior rate capability and structural stability, mainly because the PC substrate is beneficial to accommodate volume change and promote of electrical conductivity. Figure  7a ), there is a broad cathodic peak at around 0.30 V during the first cathodic scan, and it disappears in the subsequent cycles, meaning that no new SEI layer forms under subsequent process. This cathodic peak can be assigned to the formation of SEI layer because of decomposition of electrolyte on the surface of film electrode. The charge current associated with the formation of a Li-Si alloy began at a potential of around 0.20 V and became quite large below 0.06 V. Subsequent cycles show an cathodic peak at around 0.20 V, which corresponds to higher-voltage lithiation of amorphous SiLi phase. In the first anodic process, two broader anodic peaks at 0.38 and 0.51 V correspond to the phase transition between amorphous Li x Si and amorphous silicon, respectively. It is observed that the intensity of both cathodic and anodic peaks enhance with the increase of scanning number, and the peak width gradually narrows down, which suggests that the irreversible reaction occurs during the cycling process. The cathodic peaks are shifted toward higher potentials, while the anodic peaks are shifted toward lower potentials, which indicate increased kinetic polarization and internal resistance. The difference in the potential for each peak can be ascribed to the kinetic effect involved in the CV measurement. 41 For the CV curves of Si-Al composite film deposited on PC (Figure 7b) , there are two cathodic peaks at around 0.06 V and 0.17 V, which could be ascribed to the Li-ions insertion reaction of the amorphous Si-Al composites film, as well as two anodic peaks at around 0.35 V and 0.51 V correspond to the Li-ions extraction reaction of the amorphous Si-Al composites film, respectively. The intensity of the first anodic peak increases after the first cycle, indicating improvement of Li extraction kinetics. It indicated that the peaks presents remarkably repeatable shapes after the first cycle, namely, both shape and position are similar to the subsequent cycles (Figure 7b ), indicating a stable electrode structure and a good reversibility of the lithiation/delithiation reaction. It is basically consistent with the previous reported that the Si-based film has two cathodic peaks and anodic peaks. 40, 42 Two cathodic and anodic peaks observed on the CVs are attributed to potential dependent reactions between different alloy phases. The significant cathodic peak at 0.17 V indicates that the irreversible reaction is suppressed by maintaining the equilibrium state in the second cycle. The reason can be explained that the active material volume alteration lead to conductivity changes during the cycling process. However, the PC substrate has a good ability to accommodate volume change. This result is consistent with the charge and discharge curves (Figure 5c and d) . Figure 7c and d show the electrochemical impedance spectra (EIS) of Si-Al composite films deposited on different substrates after 1 st cycle and 50 th cycle, respectively. It can be seen that the EIS plots are composed of only one quarter circle in high frequency region and a following tilted line in low frequency region. Some reports have shown that the line in low frequency area is corresponding to the Li-ions diffusion within the electrode, and the high frequency semicircle is corresponding to interface impedance of the electrolyte and electrode surface, namely, the high frequency area relates to impedance for Li + migration through SEI film layer. 43−44 In this experiment, the SEI film layer has been formed after the first cycle. It is believed that the diameter of the semicircle in high frequency region is mainly induced from the intrinsic electronic resistance and the contact resistance rather than from the charge-transfer effect when the electrode is in the delithiated state. 45 Thus, both poor intrinsic conductivity and loss of electrical contact lead to the enlargement of high frequency semicircle. In the high frequency quarter circle in the impedance spectra of Si-Al composite films deposited on two kinds of substrates are almost overlapped in the initial cycle stage (Figure 7c ). It is indicated that the Si-Al composite films deposited on RCF and PC have almost the same electrical resistivity for Li + migration through SEI at first.
However, the impedance of Si-Al composite film deposited on RCF have a larger change than that of Si-Al composite film deposited on PC, especially in low frequency area, after 50th cycle (Figure 7d ). The increase of high frequency resistance of Si-Al composite film deposited on RCF is mainly caused by the loss of contact between the active material and the current collector due to the severe volume variation. This result also suggests that the Li-ions diffusion within the Si-Al composite films deposited on RCF is difficult, resulting in the cycle performance becomes poor. Contrastively, the Li-ions transfer impedance of the Si-Al composite film deposited on PC is lesser, revealing the electrochemical performance is relatively superior. The experiment result of the EIS analysis is in good agreement with the charge-discharge cycle and rate performance. Figure 8 shows surface SEM morphologies of Si-Al composite films on two different substrates after 50 cycles (a and b on RCF, c and d on PC). The microstructures of the Si-Al composite films both before and after cycling provide preliminary evidence about the possible mechanism responsible for the high reversible capacity retention seen in the Si-Al composite films on PC. The Si-Al composite film deposited on RCF (Figure 8a and b) is cracked, shed off and lost contact between substrate and active materials, and between active materials, which demonstrated the structure was unstable, resulting in the poor electrochemical properties. However, the Si-Al composite film deposited on PC maintained the integrity with no obvious signs of failure (i. e. without cracks and flaking, Figure 8c and d) , although the surface became rough compared to the original sample before charge-discharge test (Figure 2c and d) . The rough agglomerates on surface could possibly contribute to the irreversible capacity by separating from the film during the first cycle. It also verifies that the 3D porous structure combined with amorphous structure can effectively alleviate the volume effect during the lithiation/delithiation process. Meanwhile, the enhancement of adhesion force reduces the effect of structural change during lithiation/delithiation, such as the fragmentation or fall-off of the active material. This kind of phenomenon is originated from the mechanical interlocking principle that the adhesion force is enhanced with increases of the contact area between the film and current collector. 46 Therefore, the different adhesion between the films and the substrates results in dissimilar utilization efficiencies of the active materials. It also explains the reason why the first charge/discharge capacity and initial coulombic efficiency of the Si-Al composite film deposited on two kinds of substrates are different. The morphologies after 50 cycles coincide qualitatively with the cycle performance ( Figure 5 ), further confirming the beneficial role of porous structure. Compared with the performance of Si-Al composite films deposited on two different substrates, the excellent electrochemical performance of Si-Al composite film deposited on PC is attributed to its amorphous composition and porous structure of current collector. Firstly, the amorphous material exhibits a relatively open structure that would adequately prevent the lattice from expanding. Secondly, the porous structure ensures a large contact area between Si-Al composite film and PC current collector, and thus enhances the adhesion, conductivity and Li-ions diffusivity, reducing the polarization and increasing rate performance and capacity of the cell. Thirdly, the porous current collector can helps to accommodate volume change, consequently prevent active material of electrode from falling off during the cycle process.
Conclusions
In this paper, the porous Si-Al composite films with two different substrates were co-deposited using Si target and Al target in a multi-target magnetron sputtering system. The structure and electrochemical performances of the Si-Al composite films deposited on two different substrates were investigated and compared. The present results showed that the films were identified as main amorphous structure. The Si-Al composite film deposited on PC showed a high first extraction capacity of 2634 mAh g −1 , initial coulombic efficiency of 95.5%, and the reversible capacities retain 94.8% of the first extraction capacity after 50 cycles at 0.1C rate (i.e. reversible capacity around of 2497 mAh g −1 ). However, For the Si-Al composite film deposited on RCF showed the first extraction capacity of 2379.3 mAh g −1 , initial coulombic efficiency of 92.4%, and the reversible capacities retain 46.9% of the first extraction capacity after 50 cycles at 0.1C rate (i.e. reversible capacity around of 1117 mAh g −1 ). The structure of substrate had a great influence on the film layer, and the porous Si-Al composite film deposited on PC showed higher insertion/extraction capacity, capacity retention, longer cycle life, and rate performance in comparison to the Si-Al composite films deposited on RCF, which could be attributed to its more amorphous composition and porous structure. The design ideas of porous structure on electrode were very significative for the large volume change of active materials during insertion/extraction lithium process, compared with the traditional way of thinking. Therefore, a good method combined with these advantages (e. g. the 3D porous structure, amorphous structure, and composite structure) will effectively reduce or alleviate the inevitable volume change of the Si-based anode material, increase the electrical conductivity, and helpful to the application of Si-based materials in the field of high-performance Li-ion batteries.
